Two-dimensional electron gases (2DEGs) formed at the interface between two oxide insulators provide a rich platform for the next generation of electronic devices. However, their high carrier density makes it rather challenging to control the interface properties under a low electric field through a dielectric solid insulator, i.e. in the configuration of conventional fieldeffect transistors. To surpass this long-standing limit, we used ionic liquids as the dielectric layer for electrostatic gating of oxide interfaces in an electric double layer transistor (EDLT) configuration. Herein, we reported giant tunability of the physical properties of 2DEGs at the spinel/perovskite interface of γ-Al2O3/SrTiO3 (GAO/STO). By modulating the carrier density thus the band filling with ionic-liquid gating, the system experiences a Lifshitz transition at a critical carrier density of 3.0×10 13 cm -2 , where a remarkably strong enhancement of Rashba spin-orbit interaction and an emergence of Kondo effect at low temperatures are observed.
ABSTRACT:
Two-dimensional electron gases (2DEGs) formed at the interface between two oxide insulators provide a rich platform for the next generation of electronic devices. However, their high carrier density makes it rather challenging to control the interface properties under a low electric field through a dielectric solid insulator, i.e. in the configuration of conventional fieldeffect transistors. To surpass this long-standing limit, we used ionic liquids as the dielectric layer for electrostatic gating of oxide interfaces in an electric double layer transistor (EDLT) configuration. Herein, we reported giant tunability of the physical properties of 2DEGs at the spinel/perovskite interface of γ-Al2O3/SrTiO3 (GAO/STO). By modulating the carrier density thus the band filling with ionic-liquid gating, the system experiences a Lifshitz transition at a critical carrier density of 3.0×10 13 cm -2 , where a remarkably strong enhancement of Rashba spin-orbit interaction and an emergence of Kondo effect at low temperatures are observed.
Moreover, as the carrier concentration depletes with decreasing gating voltage, the electron mobility is enhanced by more than 6 times in magnitude, leading to the observation of clear quantum oscillations. The great tunability of GAO/STO interface by EDLT gating not only shows promise for design of oxide devices with on-demand properties, but also sheds new light on the electronic structure of 2DEG at the non-isostructural spinel/perovskite interface.
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The metallic interface between two insulating oxides, a two-dimensional electron gas (2DEG) in nature, provides a rich platform for exploring new fundamental phenomena and device applications. [1] [2] [3] In particular, as silicon is the foundation of semiconductor technology, the perovskite oxide insulator SrTiO3 (STO) is the base material for oxide electronics.
Different from conventional semiconductor 2DEGs, the STO-based 2DEG originates from Ti 3d orbits (dxy, dxz and dyz) 4 and exhibit intriguing properties, such as two-dimensional superconductivity, 5 signature of magnetism, 6 high carrier mobility, 7 nanoscale-controlled insulator-metal transition, 8 2D quantum oscillations, 9 large thermopower modulation 10 and sensitivity to light illumination 11 . These properties depend strongly on the carrier density due to electron-electron correlations. Therefore, extensive efforts have been made to tune the interface properties by electrostatic gating. Generally, the modulation of these novel properties of oxide 2DEGs is performed in conventional field effect configuration where the STO substrate is used as the dielectric insulator. However, this requires high voltages of tens to hundreds of volts to achieve a sizable field effect. [12] [13] [14] For example, the Lifshitz transition where the dxz and dyz bands start to become occupied was observed to emerge with the back gate ranging from -50 V to 450 V, near a critical carrier density of 1.7×10 13 cm -2 in LaAlO3/SrTiO3 (LAO/STO). 15 Furthermore, applying the back gate between -200 V and 200 V, Rashba spin-orbit interaction (SOI) was effectively tuned in the isostructural 2DEG systems, such as LAO/STO 16 and LaVO3/SrTiO3. 17 Different from the studies with conventional electric field effects, electric double layer transistor (EDLT) with an ionic liquid (IL) as the dielectric layer provides a more powerful means to tune the carrier density as high as ~10 15 cm -2 with only a few volts. 18, 19 Such ionic gating effect has resulted in the observation of field-induced superconductivity in insulating STO 20 , as well as Kondo effect in LAO/STO. 21, 22 Besides the intensively investigated isostructural perovskite/perovskite interfaces, recently, a new 2DEG was discovered at the non-isostructural spinel/perovskite oxide interface of -Al2O3/SrTiO3 (GAO/STO). 2, 14, [23] [24] [25] [26] [27] Compared to the mostly investigated LAO/STO interface, the GAO/STO system has better lattice match, much higher electron mobility and does not contain rare earth elements, and therefore is more attractive for application in high-mobility oxide devices. However, the high-mobility GAO/STO interface is generally accompanied by a high carrier density (on the order of 10 14 cm -2 ), which is approximately one order larger than that of LAO/STO (on the order of 10 13 cm -2 ). 26 This makes it more challenging to modulate the physical properties of GAO/STO by the conventional configuration. 14 Therefore, it becomes extremely interesting to investigate the GAO/STO electrostatically gated by ionic liquids. Nevertheless, so far the IL-assisted EDLT at oxide interfaces remains at its early stage, which is largely limited to the isostructural LAO/STO heterostructures. Whether the remarkable tunability of interface properties in LAO/STO can be also achieved for the non-isostructural GAO/STO remain opens. Moreover, the electronic structure underlying the novel properties of LAO/STO system is well understood, including the evolution of the Fermi level under electrostatic gating effect.
Nevertheless, little is known to the GAO/STO system. Notably, it was recently reported by resonant soft X-ray linear dichroism, 23 that GAO/STO could exhibit an unusual orbital symmetry different from that of the LAO/STO. This makes it further interesting to study the gating effect of the spinel-perovskite heterostructure. Herein, for the first time, we applied the EDLT technique to the non-isostructural GAO/STO oxide interface. By continuously tune the carrier concentration of the interface 2DEG, the system undergoes a series of remarkable transitions from Lifshitz transition, to enhanced SOI, as well as the appearance of Kondo effect. Besides the large tunability of the interface states, our results also shed new light on the electronic structure on the non-isostructural GAO/STO interface.
The GAO/STO EDLT device, as illustrated in Figure 1a , was fabricated on a Hall-bar 2DEG 28, 29 . The Hall bar device was fabricated by initially depositing amorphous LaMnO3 (a-LMO) layer (50 nm) as a hard mask layer. Optical lithography and selective wet etching processes were subsequently performed to create patterned STO substrates for the deposition of GAO (see also the Supporting Information). The width of Hall bar is 50 m and the length between two voltage probes is 500 m. A drop of ionic liquid, 1-ethyl-3-methylimidazoliumbis(trifluoromethanesulfonyl) amide (EMI-TFSI) with poly(styrene-block-methylmethacrylate-block-styrene) (PS-PMMA-PS) which was made into the form of gel with a freezing point of 230 K, was chosen as the gate dielectric material due to the high capacitance. 30 The gate voltage is applied through a Pt electrode to the ionic liquid. Note that although the Pt contact to LAO/STO results in resistance hysteresis, 31 we didn't observed any hysteresis during our gating measurement. In this paper, the data were collected from a typical device with a GAO film thickness, t, of 2.5 unit cells (uc) where the interface is metallic with a relative high electron mobility. Similar measurements were performed on several devices with 2 uc ≤ t≤ 2.5 uc. All data show nice consistency and reproducibility ruling out any possible electrochemical reaction 32 or aging effect 33 . Notably, the capping layer of GAO film could play a similar role as a boron nitride buffer to prevent the ionic-liquid-induced electrochemical reaction on STO surface. 32 Figure 1b shows an atomic force microscopy (AFM) image of the 2.5 uc GAO film grown on the patterned STO substrate. An atomically smooth surface with clear terraces is observed, indicating the high quality of both the patterned substrate and the grown film. 29 Figure 1c shows the temperature (T)-dependent sheet resistance (Rs) and carrier density (ns) of this device before dropping the ionic liquid.
The patterned GAO/STO is metallic as reported previously. 29 The carrier density, ns, is approximately 2.2×10 13 cm -2 at room temperature, and is nearly independent on temperature in the whole temperature range of 2-300 K. The electron mobility, µ, at 2 K is around 1,800
Notably, compared to the ns= 3.7 × 10 14 cm −2 of unpatterned GAO/STO system with the same thickness, the carrier density of the patterned 2DEG is suppressed significantly. This is probably due to the presence of LaMnO3 (which is crystallized from the a-LMO hard mask during the high temperature deposition) in the structure which could change significantly the oxygen exchange dynamics across the interface at high temperatures. 26, 29 The work mechanism of our EDLT device is illustrated in the insets of Figure This electric double layer works as a nanogap supercapacitor tuning the carrier density as well as the Fermi level in the electronic structure. When applying a positive gate voltage, more electrons are accumulated at the interface. However, applying negative voltage to the gate electrode, electrons are depleted. Figure 2a displays the Rs as a function of temperature at various Vg. All the Rs-T curves show overall metallic behaviors, namely, the sheet resistances decrease upon cooling. In the high temperature regime such as T=200 K, the sheet resistance decreases monotonously from ~20,000 /□ to ~7,000  /□ as the Vg increases from -1.5 V to 3 V, indicating the accumulation of carriers upon increasing the electrostatic gate potential as expected. However, at low temperature region, a remarkable upturn in the Rs occurs.
Particularly, at Vg ≥ 2 V, Rs reaches firstly a minimum at a certain temperature and then increases until T decreases to 2 K. Similar electrostatic modulated resistance minimum have also been observed in LAO/STO system. 21, 34 To make the resistance minimum more obvious, in Figure 2b , we show the offset sheet resistance [Rs(T)-Rs(2 K)] at low temperature between 2 K to 40 K. The abnormal resistance minimum could result from either the weak localization 35, 36 , or the Kondo effect 37 as reported previously. However, the possible weak localization mechanism can be ruled out here based on our magnetoresistance measurements as discussed in the latter part. 35 We, therefore, account the resistance minimum comes from the Kondo effect, which normally arises from the exchange interaction between itinerant conduction electrons and localized spin centers. 36 The observed resistance minimum can be described well by a simple Kondo model 21 (1) where R0 is the residual resistance, the second power-law term are the contributions from electron-electron and electron-phonon interactions. The last term explains the Kondo effect contribution. TK is the Kondo temperature that characterizes the strength of the Kondo effect and the parameter s is fixed at 0.225 for STO-based 2DEG system. 21, 22 Good fitting results were obtained (Supporting Information Figure S3 ) with Kondo temperatures, TK, of 51.1 K and 52.8 K at Vg=2 V and 3V, respectively. The positive correlation between the resistance upturn and the enhanced carrier density is consistent with the characteristic of the Kondo effect. 21 Localized electrons, particularly with a dxy orbital occupation, could act as magnetic centers for STO-based heterostructures, 4, 22 including GAO/STO. 38 But the emergence of the Kondo effect at Vg = 2 V, i.e. at a high carrier density of ns ~ 3×10 13 cm -2 is unconventional since the magnetic scattering due to the presence of the magnetic impurities is expected to be stronger at a lower carrier density. The observed appearance of the Kondo effect in our interface as a function of an applied electric field, is quite similar to the case of the ionic gated STO surface, 22 and points to the emergence of magnetic interactions between electrons in STO due to electron-electron correlations rather than the presence of dopants. However, the precise threshold density for the emergence of the Kondo effect of these two system is different, i.e. the threshold density of the ionic gated bare STO is 9.2×10 13 cm -2 , much higher than that of GAO/STO interface (3.0×10 13 cm -2 ). 
1.3×10 13 cm -2 at Vg=-1.5 V and ns= 3.0×10 13 cm -2 at Vg=2 V. However, as Vg > 2 V ( Figure   3b ) nonlinear Hall effect appears, which is likely due to the presence of the multiband transport carriers as observed in perovskite/perovskite 2DEG systems. 39 We, therefore, use the two-band model to fit the results (details in Supporting Information Figure S4) , where n1 and n2 represent the electron densities for the two different bands. Figure 3c summarizes the extracted carrier density as a function of gate voltage. As we can see, n1 contributes exclusively to the conduction at Vg< 2 V, and it increases linearly with increasing Vg. This is consistent with the single-band-type carrier conduction model. At Vg>2 V, n2 emerges and increases with the increase of the Vg. However, n1 begins to decrease unexpected. On the other hand, the total carrier densities, ntotal=n1+n2, increases (from 1.3 to 3.5×10 13 cm -2 ) within gate voltage range from -1.5 V to 3 V.
For the STO-based 2DEGs, it is established that the thin sheet conducting electrons are confined strongly within a few-nanometers at the interface on the STO side. 40 The interfacial electrons originate from the electronic shell of the Ti 3d orbits (dxy, dxz and dyz). 4 Subsequently, the spin and momentum of electrons in 2DEGs are entangled and complicated sub-bands are formed due to the strongly anisotropic nature of d orbits and the quantum confinement. 41 Generally, the band bending at the interface lifts the degeneracy of Ti t2g levels and produces an energy splitting between the different levels: dxy electrons occupy the lowest energy states of the 2DEG; they account for most of the charge in the system. By contrast, dxz/dyz electrons amount to only a small fraction of the population but occupy further higher energy states. With this universal electronic structure in mind, 4, 42 we therefore, propose that:
at Vg< 2 V, electrons (n1) locate at the lowest dxy levels (as depicted in Figure 3d ). Upon the population of electron as increasing Vg, the Fermi level is lifted across the bottom of dxz/dyz bands, the system undergoes a remarkable Lifshitz transition at a critical carrier density, 15, 39 nL~ 3.0×10 13 cm -2 (Figure 3e ), above which the dxz/dyz bands start to populate (corresponding to the appearance of experimental n2) (Figure 3f) .
Notably, the critical carrier density, nL~ 3.0×10 13 cm -2 , for the Lifshitz transition of GAO/STO is higher than most of the reports for LAO/STO where the transition is achieved with a back gate. However, it is remarkably close to the nL reported previously for top-gated LAO/STO systems. 39 Nontrivially, the unexpected decrease in n1 upon increasing Vg i.e. the depletion in the occupation of dxy states at 2 V < Vg ≤ 3 V was also observed in the top-gated LAO/STO systems. 39 Such a decrease of dxy electrons is inconsistent with a model requiring a fixed electronic band structure, as raising the Fermi energy should always increase the number of available conduction states. 39 Therefore, our data also indicate that the underlying band structure of GAO/STO is not fixed under ionic gating. Instead, carriers in dxy and dxz/dyz bands will redistribute and the band structure evolves with the electrostatic gating effect.
Based on Schrödinger-Poisson calculations proposed in Ref. 39 , the dxz/dyz energy increases faster than the energy of the dxy states and the potential well at the Lifshitz point is narrow with the top-gate configuration. In addition, a positive top-gate voltage enhances the confining potential gradient, resulting in a larger splitting of the bands as depicted in Figure 3f .
Therefore, once the dxz/dyz electrons are populated, band occupations are influenced and dxy electrons are suppressed, strongly highlight the electron-electron interactions at complex oxide interfaces as reported recently. 39 This is consistent with the conclusion proposed by
Maniv et al. that electronic interactions cause a competition between the occupancies of different bands. 43 Notably, the Kondo effect emerges as dxy electrons decreases upon increasing Vg, although it appears unusually as the total carrier density increases. Shortly, the IL gating effectively accumulate/dissipate carriers at the interface by modifying deeply the band structure of the 2DEG as well as electron-electron interactions.
Besides carrier densities, Rashba spin-orbit interaction (SOI) arising from the interfacial breaking of inversion symmetry can also be modulated by the external electric field, particularly at the crossing point of dxy and dxz/dyz orbitals. This could be useful to control the spin precession in spintronics devices. 16 The significant tuning of Ti 3d bands as revealed in Fig.3 may lead to unique spin-orbit textures, particular at Vg=2V, i.e. in proximity to the Lifshitz transition. This inspires us to further study the gate-dependent SOI at the GAO/STO interface. Figure 4a shows the magnetoresistance (MR) as a function of magnetic field measured at 2 K with various applied Vg. Notably, no negative magnetoresistance or weak localization effect was observed in our measurements. This rules out the possibility of a weak localization effect that leads to the resistance minimum discussed in Figure 2b . Positive MR curves were observed in the whole field region of (-1.5 V≤ Vg ≤ 3 V). Remarkably, the MR exhibits sharp cusps at low magnetic fields for Vg ≥0 V, which is the characteristic feature of the weak antilocalization (WAL) effect originating from the interference of the quantum coherent electronic waves in the presence of SOI. [44] [45] [46] In Figure 4b , we plot the  = at different Vg, where the WAL effect at low magnetic fields becomes more visible as Vg ≥0 V.
To understand the SOI tuned by the IL-assisted gating, we analyzed the observed WAL effect using the Maekawa-Fukuyama (MF) localization theory: 16, 47  Here, the function is defined as  (x) = ln(x) +  (1/2 + 1/x), where  (x) is the digamma function. Hi, Hso and  are parameters indicate the characteristic inelastic scattering field, spinorbit interaction field and Zeeman correction term, respectively. The magnitude of the characteristic spin-orbit interaction field (0Hso) reflects the SOI strength. Figure 4c previously for other STO-based 2DEGs. 16, 48, 49 For negative gate voltages, the inelastic scattering field is larger than the spin-orbit interaction field, indicating that the orbit effect of magnetic field dominates compared with the effect of spin-orbit interaction. While at Vg ≥ 0 V, the spin-orbit interaction field is larger than the inelastic scattering field and increases significantly at Vg> 2V.This further confirms the scenario of band structure discussed above
in Figure 3d -f, since significant SOI enhancement has been theoretically predicted and experimental proved to occur at the dxy-dxz/dyz crossing region due to the orbital hybridization. 17, 42, 50, 51 At negative Vg regions of single-band at lower density, electrons only occupy the dxy sub-bands without the crossing between dxy and dxz/dyz, the SOI does not dominate. However, at Vg> 2V, i.e. after the Lifshitz transition, the dxy and dxz/dyz sub-bands begin to cross at Fermi level and subsequently have the biggest crossing area around Fermi level (Vg= 2.5V). The demonstration of the field control of Rashba SOI in GAO/STO EDLTs presents not only a step towards realizing spintronics devices based on IL gating, but also shed some light on the underlying mechanism of the Rashba SOI and 3d band filling of GAO/STO interface modulated by IL gating.
Finally, as shown in Figure 4a , we found clear Shubnikov-de Hass (SdH) oscillations in the MR curves for Vg=-1 V and -1.5V, which is a characteristic behavior for high-mobility high quality materials. 9, 26 To further demonstrate the modulation of mobility by IL-assisted electrostatic effect, Figure 5a shows the mobility as a function of Vg. The mobility is enhanced by depleting the carriers with decreasing the gate voltages. 34 Notably, at Vg< 0 V, the electron mobility is increased larger than 2000 cm 2 V -1 s -1 at 2 K. Figure 5b shows SdH oscillations recorded at 2 K as a function of the inverse magnetic field 1/0H after removing a smooth background. The inset of Figure 5b shows the position of oscillation peaks in 1/0H versus the effective Landau level, of which the fitted lines indicate the frequency of SdH oscillations.
The oscillation frequency decreases as carrier density decreases, which is consistent with a previous result for doped STO. 52 The carrier density determined from Hall measurements (nHall_-1.5V = 1.3×10 13 cm -2 , and nHall_-1V = 1.7×10 13 cm -2 for Vg=-1.5 V and -1V, respectively) and SdH oscillations (nSdH_-1.5V = 3.2×10 12 cm -2 , nSdH_-1V = 4.8×10 12 cm -2 ) differ by a factor of 3-4 in the present experiments. Similar behaviors have been observed in previous reports for unpatterned samples. 26, 29, 43, 53 This discrepancy is either due to the fact that a fraction of carriers do not satisfy condition for the SdH oscillation but nevertheless contribute to the Hall signal, or due to the presence of multiple conduction channels with same carrier mobility.
Since our SdH oscillations are observed in the single band conduction region (Vg= -1.5 V and -1V) with only dxy electrons populated to the conduction, we assume that the GAO/STO interface consists of a single quantum well with approximately 4-fold degeneracy, such as two dxy conduction channels with spin splitting. 53, 54 Overall, by IL-assisted field effect, the mobility can be highly enhanced leading to quantum oscillations.
In summary, we have demonstrated the tuning of the 2DEG at the GAO/STO interface (c) 
